Inspired by the hard X-ray emission from WD 2226−210, the central star of the Helix Nebula, we have made a systematic search for similar sources by correlating the white dwarf catalog of McCook & Sion (1999) and the ROSAT PSPC point source catalog of White, Giommi, & Angelini (2000) . We find 76 white dwarfs coincident with X-ray sources at a high level of confidence. Among these sources, 17 show significant hard X-ray emission at energies > 0.5 keV.
discussed in Section 4. A summary is given in Section 5.
Search for Hard X-ray Sources Associated with White Dwarfs
To search for X-ray emission from white dwarfs, we have correlated the white dwarfs from the most recent catalog by McCook & Sion (1999) with the X-ray sources from the WGACAT, a point source catalog generated from all ROSAT PSPC pointed observations made without the boron filter. For an initial identification of positional coincidence, we require better than 1 ′ agreement between the cataloged positions of the white dwarf and X-ray point source. This is a conservative criterion because: (1) the on-axis point spread function (PSF) of the ROSAT Position Sensitive Proportional Counter (PSPC) is ∼40 ′′ at 1 keV and much worse near 0.1 keV (Snowden et al. 1994; Chu, Kwitter, & Kaler 1993) ,
(2) the coordinates of the white dwarf might be uncertain by up to 30 ′′ , and (3) the proper motions of the white dwarfs have not been considered and in some cases may be large enough for the star to move more than 1 ′ between the epochs when the optical and X-ray observations were made.
We find 94 white dwarfs that appear to be associated with point X-ray sources. To confirm the positional coincidence and to examine further the X-ray spectra of these sources, we have retrieved the event files of their ROSAT PSPC observations from the High Energy Astrophysics Science Archive Research Center (HEASARC) at NASA's Goddard Space Flight Center. The PSPC event files are used to extract broad-band (0.1-2.4 keV) X-ray images. These X-ray images are smoothed with a Gaussian with σ = 15 ′′ and the resulting X-ray contours at 10, 20, 50, 70, and 90% of the peak intensity are overplotted on the broad-band optical images retrieved from the Digitized Sky Survey (DSS). To identify the white dwarfs, we have used the finding charts provided by J. Holberg at http://procyon.lpl.arizona.edu/WD/.
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The results of our detailed comparison of the positions of X-ray sources and white dwarfs are presented in Table 1 . Columns 1-3 give the identifications, common names, and spectral types of the white dwarfs; columns 4-6 list the corresponding X-ray sources in the WGACAT, the ROSAT PSPC observations used for the detection, and the exposure times of the PSPC observations; column 7 describes the positional coincidence between the X-ray source and the white dwarf; and columns 8-10 present the counts detected in the soft (0.1-0.4 keV), medium (0.4-0.9 keV), and hard (0.9-2.0 keV) bands, as reported in the WGACAT.
Eighteen of the 94 coincidences we initially identified could not be confirmed, noted as U1-4 in column 7 of Table 1 , because the X-ray sources are not convincingly centered on the white dwarf (U1), the positions of the X-ray sources are compromised by the occultation of the PSPC window support structure or the superposition of a bright background (U2), multiple candidates of optical counterparts are present within the PSPC PSF (U3), or the X-ray sources are too faint to be credible (U4).
One notable example of a U4 mis-identification is WD 1910+047, which was discovered and suggested by Margon, Bolte, & Anderson (1987) to be associated with an Einstein X-ray source. The weak WGACAT source J1912.5+0452 located within 1 ′ from WD 1910+047 was detected in a 2.8 ks PSPC observation (rp400271n00) at a 44 ′ off-axis position, but not confirmed in a 20 ks PSPC observation (rp400271a01) with identical pointing. We have examined this shallow PSPC observation and concluded that this source is spurious. Using a deep PSPC observation (rp500058a02, 20.6 ks) centered at 19 ′ from WD 1910+047, we find an X-ray source near the white dwarf, but it is coincident with a star ∼80 ′′ SE of the white dwarf and the X-ray spectrum is typical for coronal emission from a late-type star (see Figure 1 ). This result explains the conclusion of the model atmosphere analysis by Vennes (1990) that the Einstein X-ray source is too luminous for the white dwarf.
-7 -There remain 76 coincidences that are confirmed with a high degree of confidence. We have further extracted X-ray spectra from the PSPC event files for these X-ray sources coincident with white dwarfs. We find 69 dominated by soft X-ray emission (<0.5 keV), as expected from white dwarfs; however, 10 of these also exhibit hard X-ray emission (0.5-2.4 keV). The spectra of the remaining 7 sources have characteristics consistent with coronal emission at temperatures of a few ×10 6 K. These PSPC spectra appear "double-peaked" because of the carbon Kα absorption of the PSPC entrance window at 0.24-0.4 keV; the hard component (>0.5 keV) is at least 25% as strong as the soft component (<0.5 keV).
The 17 white dwarfs associated with hard X-ray emission are listed in Table 2 , and their images and X-ray spectra are presented in Figure 2 . The left panels display DSS images centered on the white dwarfs and overlaid by X-ray contours to illustrate the positional coincidence of the white dwarf and the X-ray source. The white dwarf position is marked when several stars are projected in its vicinity. The right panels display the PSPC spectra of the X-ray sources. For objects overwhelmed by soft X-ray emission, we also plot the spectra with an expanded Y-scale to show the hard component. The PSPC observations listed in Table 1 have been used to extract these X-ray images and spectral information.
Note that Column 10 of Table 1 shows many more white dwarfs with 3σ detections in the 0.9-2.4 keV band. However, all except the above 17 white dwarfs are rejected because their coincidences with X-ray source are not confirmed (U1-4 in Column 7) or the WGACAT source counts are contaminated/confused with background hard X-ray sources.
For example, some white dwarfs are observed at such large off-axis angles (> 40 ′ ) that the PSF contains background sources (e.g., WD 0037+312 and WD 1040+451), and some are blended with adjacent sources (e.g., WD 1821+643, WD 1844−654, and WD 0904+511).
Under such circumstances, the source detection algorithm of WGACAT does not effectively exclude contaminating background sources within the PSF, resulting in the apparent detection of hard X-ray emission.
Binarity of White Dwarfs with Hard X-ray Emission
White dwarfs by themselves do not emit hard (> 0.5 keV) X-rays. If a white dwarf accretes material from its surroundings, the gravitational energy released may power hard X-ray emission. In general, we can rule out the accretion of interstellar material because white dwarfs usually are not in a dense interstellar environment. We can also rule out the accretion of the planetary nebula produced by a white dwarf's progenitor, as it either has dissipated already or is expanding away at a speed much greater than the escape velocity.
Thus, the most likely source to provide material for accretion onto a white dwarf is a binary companion. Alternatively, if a white dwarf has a binary companion with coronal activity, the hard X-ray emission from the companion would appear to be associated with the white dwarf. We therefore suspect that white dwarfs with hard X-ray emission are in binary systems.
A literature search of the 17 white dwarfs with hard X-ray emission reveals that 12 of them are known binaries. Below we describe these 12 known binary systems in §3.1, and the 5 apparently single white dwarfs in §3.2.
Known Binaries
WD 0216−032 (VZ Cet) is a detached companion of Mira, a pulsating, cool giant (M2-7 III). Karovska et al. (1997) measured a separation and position angle ρ = 0. ′′ 578, Ep. 1995.9424) . Baize (1980) estimated an orbital period of 400 yr for this system (separation a = 0. ′′ 85), but this result is extremely uncertain (Mason et al. 2001 ).
The white dwarf flickers (Warner 1972) , and IUE observations suggest that it may possess an accretion disk (Reimers & Cassatella 1985) . The PSPC spectrum shows X-ray emission peaking at 1 keV. This hard X-ray emission probably originates from the accretion, since no single cool giants similar to Mira are known X-ray sources.
WD 0347+171 (V471 Tau) is in the eclipsing binary system V471 Tau with a period of 0.521 days (Nelson & Young 1970; Guinan & Sion 1984) . The K2 V companion is known for its coronal activity, and coronal mass ejections have been implied from the observations of transient absorption features in the Si III λ1206 resonance line . Using X-ray and EUV eclipses of V471 Tau, Barstow et al. (1992) have demonstrated that the hard X-ray emission indeed originates from the K2 V star.
WD 0429+176 (HZ 9) is in a spectroscopic binary system with a dM4.5e companion and a period of 0.564 days (Lanning & Pesch 1981; Guinan & Sion 1984) . Late-type main sequence M stars, particularly the ones with Balmer lines in emission (i.e., dMe stars), have been shown to be X-ray emitters (Rucinski 1984) . The dM4.5e companion of WD 0429+176
is most likely responsible for the hard X-ray emission detected.
WD 0736+053 (Procyon B)
is a visual binary companion of Procyon A, an F5 IV-V star, with a period of 40.8 yr (Girard et al. 2000) . The coronal activity of Procyon A is responsible for the hard X-ray emission (Lemen et al. 1989 ). In Figure 2 , the wavy line shows the motion (proper and orbital) of the white dwarf between the epochs of DSS and ROSAT PSPC observations. WD 1213+528 (EG UMa) was observed at a large off-axis angle. The PSPC PSF extends over almost 2 ′ , but the white dwarf appears to be the most likely optical counterpart of the X-ray source. WD 1213+528 has a dM2e binary companion in a 0.668 day period (Lanning 1982) .
WD 1255+258J (HD 112313B)
is the central star of the planetary nebula LoTr 5, and has a G5 III companion with a rotational period of 5.9 days (Jasniewicz et al. 1996) . The orbital period of this binary is unknown, but probably in excess of one year; the binary is unresolved. The strong Ca II H & K emission lines and broad variable Hα line of the G5 III companion suggest coronal activity. Thus the G5 III companion is probably responsible for the observed hard X-ray emission.
WD 1314+293 (HZ 43A) has a dM3.5e companion (Napiwotzki et al. 1993 ), resolved Ep. 1996; Mason et al. 2001 ). This companion is likely responsible for the hard X-ray emission detected.
WD 1631+781 (1ES 1631+78.1) has an unresolved dM4e companion (Catalan et al. 1995) . From the lack of detectable radial velocity variations (Sion et al. 1995) , we conclude that the orbital period probably exceeds one year. Fluctuations in Hβ emission from the dM4e companion mark it as the probable site of hard X-ray emission.
WD 1633+572 (GJ 630.1B) is the common proper motion companion (ρ = 26. ′′ 19, θ =
22.46
• at Ep. 2000.0 from an astrometric fit to six DSS plates) of the variable star CM Dra (Greenstein 1986 ). CM Dra is itself an eclipsing binary containing two dM3-4e stars with a period of 1.26 days (Lacy 1977) . The proper motion of CM Dra is so large that it must be considered when comparing the DSS and ROSAT PSPC images. In Figure 2 , we have drawn an arrow to show the proper motion of CM Dra between the optical and X-ray epochs. The X-ray source is centered on CM Dra, rather than the white dwarf; therefore, the hard X-ray emission clearly originates from the dM3-4e binary.
WD 1634−573 (HD 149499B
) is in a wide binary system (ρ = 1. ′′ 319, θ = 51.71
• at Ep.
1991.25, from Hipparcos) with a K2 Ve companion (Wegner 1979 (Wegner , 1981 . The emission lines in the companion's spectrum are indicative of coronal activity, which may be responsible for the hard X-ray emission.
WD 1944−421 (V3885 Sgr)
is a cataclysmic variable with orbital period 0.216 days (Downes et al. 2001 ). Among our sample of 17 white dwarfs with hard X-rays, this is the only one whose hard X-ray component is stronger than the soft X-ray component, indicating a different emission mechanism. The X-ray emission from WD 1944−421 must originate from the accretion of material from a binary companion onto the surface of the white dwarf (Patterson 1994) .
Ep. 1987.23, from measurements on 2 DSS plates), which consists of two chromospherically active dM3-5e stars with an orbital period of 1.124 days (Jeffries & Bromage 1993) . The dMe stars in GJ 841A are most likely responsible for the hard X-ray emission detected.
The Apparently Single White Dwarfs
WD 0339−451 has an X-ray spectrum similar to those associated with stellar coronal emission. The temperature of this DA white dwarf is unknown, but its photospheric emission probably does not contribute much to the X-ray emission detected since the spectrum below 0.5 keV does not rise toward 0.1 keV as expected.
WD 1134+300 (GJ 433.1 ) is a DA2 white dwarf that has been used as a spectrophotometric standard star (Massey & Gronwall 1990; Hawarden et al. 2001 ). Its PSPC spectrum shows a distinct peak at 0.8-0.9 keV. Detailed inspection shows that the soft X-ray emission is centered at the white dwarf, but the hard X-ray emission is centered at a position ∼41 ′′ northwest of the white dwarf, where an AGN has been identified by Mason et al. (2000) .
This background AGN must be responsible for the hard X-ray emission.
WD 1159−034 (GW Vir), the prototype of PG 1159 white dwarfs, is a well-known pulsating variable (Winget, Hansen, & van Horn 1983) . The faint hard X-ray emission is centered on the white dwarf, but the spectrum is too noisy for detailed spectral analysis.
WD 1234+481 (PG 1234+481)
does not have X-ray emission peaking at ∼0.9 keV as the other white dwarfs associated with hard X-ray emission do. However, the spectrum of WD 1234+481 appears to show excess emission at 0.4-0.6 keV.
WD 1333+510 (PG 1333+510
) is detected at a large off-axis angle, but it is the closest source, among three, to the peak of the X-ray emission. The X-ray spectrum is similar to those of stellar coronae.
Discussion
X-ray emission from white dwarfs is expected to be soft, but roughly 20% of X-ray sources associated with white dwarfs exhibit a hard X-ray component (>0.5 keV). What is the origin of hard X-ray emission associated with white dwarfs? We initially speculated that all white dwarfs with hard X-ray emission possess binary companions, but our literature search reveals that 12 of the 17 white dwarfs with hard X-ray emission are known to be in binary or multiple systems, one is superposed by chance near a background AGN, and the remaining four are apparently single white dwarfs. Below we argue that the binary companions are indeed directly or indirectly responsible for the hard X-ray emission associated with white dwarfs in binary systems, use 2MASS photometry to assess the existence of late-type companions, and discuss the hard X-ray emission from the hottest apparently single white dwarfs.
Hard X-ray Emission Associated with White Dwarfs in Binary Systems
Two of our 12 white dwarfs in binary systems are known to accrete material from their companions: Mira and the cataclysmic variable V3885 Sgr. The accretion of the companion's material onto the surface of the white dwarf produces hard X-ray emission (Patterson 1994) . Of the ten non-accreting systems, six have one or two dMe companions, two have a K2 V companion, one has an F5 IV-V companion, and one has a G5 III companion. These late-type companions either are known for their active coronae or have emission lines indicating coronal activity; therefore, these companions are most likely responsible for the observed hard X-ray emission. In some cases, the origin of the hard X-ray emission has been unambiguously established to be the late-type companions by either positional coincidence (e.g., WD 1633+572) or observations of eclipses (e.g., WD 0347+171).
To confirm that these late-type companions are the source of the hard X-ray emission, we compare the hard X-ray luminosities and plasma temperatures of the binary systems with those expected from single late-type stars. We have fitted thin plasma emission models (Raymond & Smith 1977) to the 0.5-2.4 keV portion of the spectra for the objects with sufficient counts in this energy band. The resultant plasma temperature kT and X-ray luminosity L X in the 0.5-2.4 keV band are given in Table 2 . The L X of white dwarfs with late-type companions are completely consistent with those seen in dM and K stars, 10 27 -10 29 ergs s −1 (Schmitt, Fleming, & Giampapa 1995; Marino, Micela, & Peres 2000) .
The best-fit plasma temperatures are also in the range for stellar coronae. We further assess whether coronal activities of the late-type companions may be induced by binary interaction by correlating the projected binary separation, a, with the X-ray luminosity (see Table 2 ). No clear correlation is seen. This lack of correlation may be caused by the small number of binary systems in our sample and the wide range of physical parameters involved. The cataclysmic variable WD 1944−421 (V3885 Sgr) has the highest hard X-ray luminosity, which is also in accord with the expectation of accretion from a Roche-lobe-filled companion. Thus, the hard X-ray emission from white dwarfs in known binary systems can be explained by the presence of their companions.
Apparently Single White Dwarfs
The remaining four white dwarfs associated with hard X-ray emission appear to be single. If these white dwarfs contain previously-unknown, late-type companions, near-IR photometry may reveal these companions (e.g., Green, Ali, & Napiwotzki 2000) . We have obtained JHK photometric measurements of white dwarfs with hard X-rays available in the second incremental data release of the Two Micron All Sky Survey (2MASS), and listed them in Table 3 , along with optical photometry from McCook & Sion (1999) . In the case of WD 1633+572 where the white dwarf and the binary dMe companions are resolved by 2MASS, separate entries are given. To enlarge the sample for comparison, we have added two additional white dwarfs with hard X-ray emission that are not from our survey:
WD 0005+511 (= KPD 0005+5106; its hard X-ray emission will be discussed in §4.3) and WD 2226−210 (= the central star of the Helix Nebula; its hard X-ray emission is described in §1).
Clear near-IR excess is observed in the four known binary systems, but not in the apparently single white dwarfs. The lack of near-IR excess, in conjunction with known distances, places constraints on the possible companions of the white dwarfs. The constraint is more stringent for white dwarfs at smaller distances because it would be harder to hide a companion. The nearest apparently single white dwarf with hard X-ray emission is WD 1134+300 at 15.3 pc. We estimate that its near-IR magnitudes can hide only a brown dwarf companion more than 3 mag fainter than an M7 V star. Therefore, WD 1134+300
has no stellar-mass companions, and the AGN projected within the PSPC PSF (Mason et al. 2000) is solely responsible for the hard X-ray emission observed.
Two other white dwarfs with hard X-ray emission have known distances, WD 1234+481
and WD 2226−210. Their lack of near-IR excess indicates that WD 1234+481 can hide a companion of spectral type M7 V or later, and WD 2226−210 later than M5-6 V. If these two apparently single white dwarfs indeed have faint, late-type companions, then the hard X-ray emission detected by ROSAT is more effective than the near-IR excess detected by 2MASS in diagnosing the existence of a faint late-type companion.
Hard X-ray Emission from the Hottest Apparently Single White Dwarfs
Two of the apparently single white dwarfs associated with hard X-rays from our survey are among the hottest known: WD 1159−034 and WD 2226−210. To compare these two hot white dwarfs to the one that has been suggested to possess a corona, KPD 0005+5106, we have retrieved an archival ROSAT PSPC pointed observation (rf200428n00) that was made with the boron filter for an exposure time of 5 ks. As shown in Figure 3 , the PSPC spectrum of KPD 0005+5106 shows not only the soft atmospheric emission below 0.5 keV, but also hard X-ray emission near 1 keV. This hard X-ray emission was not detected previously by Fleming, Werner, & Barstow (1993) using the ROSAT All-Sky Survey observation of exposure time 504 s. As the 5 ks pointed observation detected only 24±6 counts in the 0.5-2.4 keV band, if the hard X-ray flux is constant, we expect only 2.4±1.5 hard X-ray counts in a 504 s exposure. The non-detection of the hard component by Fleming, Werner, & Barstow (1993) thus does not imply a temporal variation. The presence of hard X-ray emission from KPD 0005+5106 requires a plasma temperature at least 10 6 K, much higher than that suggested by Fleming, Werner, & Barstow (1993) , and may be responsible for photoionizing O VIII and producing the recombination lines observed (Werner & Heber 1992; Sion & Downes 1992) . We have examined the 2MASS JHK photometric data for KPD 0005+5106 (see Table 3 ), and find no evidence for a near-IR excess. Thus, KPD 0005+5106 is another apparently single hot white dwarf with hard X-ray emission.
While our statistical sample is extremely limited, it is intriguing that ∼50% of the apparently single white dwarfs with hard X-ray emission are among the hottest known Table 1 . Soft X-ray emission is detected in these four PG 1159 stars without PNs, but 3-σ detection of hard X-rays is obtained only for PG 1159 itself.
We have further combed Table 1 for hot white dwarfs similar to WD 0005+511 or WD 2226−210, and find a hot DO white dwarf, WD 1522+662, and a hot DAO white dwarf, WD 1957+225 at the center of the Dumbbell Nebula. These four hot DO and DAO white dwarfs and the above nine PG 1159 white dwarfs will be discuss below in more detail. The spectral type, stellar effective temperature, visual magnitude, and ROSAT observations of these 13 hot white dwarfs are summarized in Table 4 . To illustrate the spectral properties of the 11 hot white dwarfs whose X-ray emission has been detected by ROSAT PSPC observations, in Figure 4 we present their soft X-ray images in the 0.1-0.4 keV band and the hard X-ray images in the 0.6-2.4 keV band. It is evident that hard X-ray emission is clearly detected only from WD 0005+511, WD 1159−034, and WD 2226−210, as we have concluded earlier, and possibly detected at a 2σ level from WD 0122−753J. The spectral types of these four white dwarfs are DO, DQZO.4, DAO, and DO, respectively.
Below we divide the 11 hot white dwarfs detected in X-rays according to their spectral types, discuss the implications of their hard X-ray properties, and speculate on the possibility of a photospheric origin of the hard X-ray emission.
• DAO (WD 1957+225 and WD 2226−210) :
Hard X-ray emission is detected from WD 2226−210 in the Helix Nebula, but not from WD 1957+225 in the Dumbbell Nebula. As these two DAO white dwarfs have similar effective temperatures, and as WD 1957+225 is only 0.8 mag fainter but has a four times longer exposure time, the lack of hard X-ray emission from WD 1957+225 signifies a real difference from WD 2226−210. Furthermore, WD 2226−210 shows temporal variations of its hard X-ray emission and Hα line profile, suggesting the existence of a late dMe companion Gruendl et al. 2001) .
Therefore, there is no evidence indicating that deep photospheric emission is the origin of hard X-rays associated with DAO white dwarfs.
•
DO (WD 0005+511, WD 0122−753J, WD 1522+662, and WD 2117+342J):
Among these four DO white dwarfs, WD 0005+511 has an unambiguous detection of hard X-rays, and WD 0122−753J has a possible detection of hard X-rays.
WD 1522+662 does not show hard X-ray emission, but the ROSAT observation has only 4.7 ks exposure time and WD 1522+662 is faint with B = 16.4 mag.
WD 2117+342J is observed at a 40
′ from the center of the PSPC field-of-view and the poor PSF prohibits a conclusive assessment of the existence of faint hard X-ray emission. It may be possible that faint hard X-ray emission can emerge from the hot, deep layer of the photospheres of DO white dwarfs, but more detections are needed to confirm it.
• DQZO (WD 1144+044, WD 1159 :
WD 1159−034 has hard X-ray emission. WD 1144+044 has a non-detection, but it is slightly fainter than WD 1159−034 and its exposure time is only half as long.
WD 1821+643 in the PN K 1-16 is projected near a bright hard X-ray source, a cluster of galaxies surrounding the QSO E1821+643 (Saxton et al. 1997) , so it is difficult to determine its hard X-ray properties accurately from Figure 4 . We have examined an archival Chandra HETG observation of QSO E1821+643 (PI: C. R.
Canizares; 101 ks); in this observation WD 1821+643 is detected and clearly resolved from QSO E1821+643, but no hard X-ray emission from WD 1821+643 is seen.
WD 1159−034 and WD 1821+643 are well-known pulsators (Ciardullo & Bond 1996) , while WD 1144+044 is not. It is thus unlikely that the hard X-ray emission is related to the stellar pulsation.
• PG 1159 and DZ1 (WD 0044−121 and WD 1501+664) :
WD 0044−121 is a PG 1159 star in the PN NGC 246; WD 1501+664 is classified as DZ1 and is the hottest white dwarf (Werner & Wolff 1999) . Neither of these two hot white dwarfs show hard X-ray emission; the high opacity of the H-and He-free atmosphere of WD 1501+664 may be the culprit of its non-detection (Nousek et al. 1986; Werner 1991) .
The above sample of hot white dwarfs is very limited, but allows us to eliminate improbable origins of hard X-ray emission. For example, stellar pulsation is not likely to produce hard X-ray emission, as WD 1159−034 is the only pulsator with hard X-ray emission. Stellar winds are not likely to be the origin of hard X-ray emission either, as WD 1159−034 has hard X-rays but no measurable past or ongoing mass loss (Fritz, Leckenby, & Sion 1990) , while appreciable mass loss but no hard X-ray emission has been detected from WD 0044−121 and WD 1821+643 (Koesterke & Werner 1998 ). There leaves the tantalizing suggestion that hard X-rays may be emitted by hot DO and DQZO white dwarfs. While it is necessary to model their atmospheres to understand theoretically whether hard X-rays from beneath the atmosphere may leak through, it is also necessary to obtain better high-resolution X-ray images to confirm that the hard X-ray emission is indeed associated with the white dwarfs (as opposed to background objects projected in their vicinity) and high-quality X-ray spectra for detailed spectral analysis.
Summary
We have correlated the recent white dwarf catalog by McCook & Sion (1999) with the ROSAT PSPC point source catalog (WGACAT), and found 76 white dwarfs coincident with X-ray sources at a high level of confidence. We have further found that 17 of these sources show hard X-ray emission (> 0.5 keV). Two of these white dwarfs with hard X-ray emission accrete material from their companions, while the other ten have late-type companions that are known to have active coronae and emit hard X-rays. One white dwarf has an AGN projected within the PSPC PSF contributing to the hard X-ray emission. The remaining four white dwarfs (WD 0339−451, WD 1159−034, WD 1234+481, and WD 1333+510) and two additional white dwarfs (WD 0005+511 and WD 2226−210) with hard X-ray emission appear single. The lack of near-IR excess for WD 1234+481 and WD 2226−210 at known distances constrains the possible spectral types of the hidden companions to later than M7 V and M5-6 V, respectively. We suggest that hard X-ray emission may be more effective than near-IR photometry in diagnosing faint, late-type companions of white dwarfs, if the hard X-ray emission associated with the six apparently single white dwarfs indeed originates from hidden companions.
It is intriguing that three of the six apparently single white dwarfs with hard X-ray emission have high stellar effective temperatures. We have searched the ROSAT archive for observations of PG 1159 stars and examined the X-ray properties of a sample of 13 hot white dwarfs with different spectral types. Comparisons among these hot white dwarfs lead to the following conclusions: (1) DAO WD 2226−210 most likely possesses a late dMe companion which emits hard X-rays, (2) stellar pulsation cannot be connected to the hard X-ray emission, (3) fast stellar winds are not likely to be the origin of hard X-ray emission, and (4) the high-energy Wien tail of emission deep in the atmospheres of hot DO and DQZO white dwarfs remains a tantalizing explanation for the hard X-ray emission observed.
Our statistics are limited by the incompleteness of the WGACAT, which has been derived solely from pointed ROSAT PSPC observations made without filters, while many PSPC observations of white dwarfs were made with a boron filter. A complete survey for white dwarfs with hard X-ray emission using the entire ROSAT archive is needed to enlarge the sample. Follow-up high-resolution deep X-ray observations with Chandra or XMM-Newton are needed to confirm the positional coincidence of the white dwarfs and the X-ray sources, and to study the spectral properties in order to investigate the origin and nature of hard X-ray emission associated with white dwarfs.
We thank the anonymous referee for making critical comments which helped improve our paper. We also thank J. Liebert, R. Napiwotzki, R. Petre, and K. shows the proper and orbital motions of the white dwarf; for WD 1633+572, the arrow shows the motion of its common proper motion companion CM Dra. Right panels: ROSAT PSPC spectrum of the X-ray source. In cases where the spectrum is overwhelmed by soft X-ray emission, to show the hard X-ray emission, the spectrum is also plotted with open triangles after being multiplied by a constant factor indicated in the panel. The X-ray contours and spectra are extracted from ROSAT PSPC observations listed in Table 1 . overlaid by X-ray contours at 10, 20, 50, 70, and 90% of the peak value of the X-ray source.
The white dwarf is marked by two short lines near the center of the field of view. Two X-ray sources associated with two different stars are detected. Right: ROSAT PSPC spectrum of the X-ray source associated with the white dwarf KPD 0005+5106. This spectrum was carefully extracted to exclude the X-ray emission from the neighboring source. The X-ray contours and spectrum are extracted from the 5 ks observation rf200428n00 made with a boron filter. Hard X-ray emission at 1 keV is clearly detected. band, and the hard X-ray images (right panels) in the 0.6-2.4 keV energy band.
-29 - (Perryman et al. 1997 ) unless otherwise noted.
b These values are derived from visual orbits, apparent separations, or orbital periods cited in §3.1, supplemented by parallaxes tabulated here and, for short-period systems, mass estimates from Ritter & Kolb (1998) . For V471 Tau = WD 0347+171, masses were adopted from O'Brien, .
c For T = 10 6 K, kT = 0.086 keV.
d In the 0.5 -2.4 keV energy band.
e Assumes membership in the Hyades (van Altena 1969) with distance from Perryman et al. (1998) .
f Trigonometric parallax from Dahn et al. (1982) .
g Parallax deduced from EUV/IR photometric models of Green, Ali, & Napiwotzki (2000) .
h Trigonometric parallax from Harris et al. (1997) . b Hubble Space Telescope F 550M magnitude, equivalent to Strömgren y magnitude, of the white dwarf alone (Karovska et al. 1997 ).
c Saturated in 2MASS survey. J, H, and K from Catchpole et al. (1979) . Variable in all bandpasses. e y magnitude.
f B magnitude.
g Out-of-eclipse maximum. b Stellar effective temperature from Napiwotzki (1999) , unless noted otherwise. c X-ray emission detected by ROSAT PSPC observations. ND: not detected; S: detected in the 0.1-0.5 keV band; H: detected in the 0.6-2.4 keV band.
d Exposure time of available ROSAT PSPC observation.
e From Werner et al. (1997) .
f B magnitude from McCook & Sion (1999) .
g From Koesterke, Dreizler, & Rauch (1998) .
